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Abstract—Potentially toxic nitroaromatic and nitramine compounds are introduced onto soils during detonation of explosives. The
present study was conducted to investigate the desorption and transformation of explosive compounds loaded onto three soils through
controlled detonation. The soils were proximally detonated with Composition B, a commonly used military explosive containing 2,4,6-
trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). Gas-
exchangeable surface areas were measured from pristine and detonated soils. Aqueous batches of detonated soils were prepared by
mixing each soil with ultrapure water. Samples were collected for 141 d and concentrations of Composition B compounds and TNT
transformation products 2-amino-4,6-dinitrotoluene (2ADNT), 4-amino-2,6-dinitrotoluene (4ADNT), and 1,3,5-trinitrobenzene (1,3,5-
TNB) were measured. The RDX, HMX, and TNT concentrations in detonated soil batches exhibited first-order physical desorption for
the first, roughly, 10 d and then reached steady state apparent equilibrium within 40 d. An aqueous batch containing powdered
Composition B in water was sampled over time to quantify TNT, RDX, and HMX dissolution from undetonated Composition B
particles. The TNT, RDX, and HMX concentrations in aqueous batches of pure Composition B reached equilibrium within 6, 11, and 20
d, respectively. Detonated soils exhibited lower gas-exchangeable surface areas than their pristine counterparts. This is likely due to an
explosive residue coating on detonated soil surfaces, shock-induced compaction, sintering, and/or partial fusion of soil particles under
the intense heat associated with detonation. Our results suggest that explosive compounds loaded to soils through detonation take longer
to reach equilibrium concentrations in aqueous batches than soils loaded with explosive residues through aqueous addition. This is likely
due to the heterogeneous interactions between explosive residues and soil particle surfaces. Environ. Toxicol. Chem.
# 2010 SETAC
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INTRODUCTION

Active training on defense installations uses munitions
containing 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trini-
tro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) explosives. Nitramine (RDX and
HMX) and nitroaromatic (TNT) compounds are known tox-
icants [1,2] that can be deposited onto range soils during
training exercises. Nitramines are generally considered less
reactive in soils than nitroaromatic compounds (NACs) that
undergo sorption from aqueous solutions onto sediment surfa-
ces, especially to clay minerals [3–5]. TNT can transform to 2-
amino-4,6-dinitrotoluene (2ADNT) and 4-amino-2,6-dinitroto-
luene (4ADNT) which can also sorb and bind to organic or
mineral phases in soils. The deposition of explosive residues
and their transformation products to soils poses a potential long-
term contamination risk for the U.S. Department of Defense and
industry. Understanding the extent of this risk requires detailed
knowledge of the temporal fate of these compounds in training
range soils.

The mass loading of explosive compounds to training range
ecosystems is controlled by the degree to which detonation
reactions reach completion. Partial (i.e., low-order) detonations

contribute a greater mass of explosive compounds to range soils
than full (high-order) detonations [6,7]. However, uptake onto
soil particle surfaces and transformation of explosive com-
pounds depend strongly on soil and water biogeochemical
parameters [4,8–15]. It has recently been shown that nitramine
and nitroaromatic compounds exhibit greater transformation
rates in aqueous solutions in the presence of fractured soil
particles than in weathered soils [16]. This may be attributable
to enhanced electron-reduction transformation in the presence
of fresh, reactive mineral particle surfaces and/or to the pres-
ence of an active microbiological regime on fresh soil particle
surfaces. The dissolution of Composition B (RDX and TNT
with minor HMX) particles, and the desorption and dissolution
of explosive detonation residuals, has been quantified and
modeled based on particle sizes and the effect of rainfall to
better simulate the temporal fate of explosive residues in train-
ing range ecosystems [17,18].

A majority of the previous work on the fate of explosive
compounds in training range soils utilized batch reactors with
pure compounds loaded to soil media as aqueous additions to
soil slurries under controlled laboratory conditions. However,
explosive compounds are designed for brisance, their ability to
shatter materials [19,20]. Detonation events likely create fresh
(unweathered) mineral surfaces which are coated with a com-
bination of explosive residues (soot), undetonated explosive
material, and other volatilized or remobilized range soil mate-
rials [6,7,21]. This type of real-world loading of explosive
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residues to soil particles is difficult to recreate in a laboratory.
To address this knowledge gap in our understanding of the
temporal fate of explosive residues in soil solutions, we deto-
nated dry soils using common explosives and then quantified the
desorption (solution phase partitioning) and transformation of
the explosive compounds as a function of time in aqueous batch
reactors. The explosive Composition B, which contains roughly
60% RDX, 39% TNT, 1% wax filler, and minor HMX as an
RDX impurity, was used. We proximally detonated three soils
that represent typical training range soils.

MATERIALS AND METHODS

Soil composition, detonation, and collection

The location information, soil mineralogy, major- and trace-
element chemical composition, and grain-size distribution of
our three soil samples were presented in an earlier study [16],
but are briefly summarized here. The three soil types detonated
in the present study were extracted from river banks, represent
soils that are thousands of years old, and likely were not
previously exposed to soot or other potentially interfering
chemical compounds. Delta is classified by the United Soil
Classification System (USCS) as well-graded sand with silt.
Delta was collected near Delta Junction, Alaska, USA
(63.8548N, 145.7328W) and contains quartz, chlorite, calcium,
and sodium feldspars, and illite clay. Church, classified by
USCS as poorly graded glaciofluvial sand, is from Norwich,
Vermont, USA (43.7378N, 72.2618W) and contains the same
mineralogy as Delta. The BBTS, from the Big Black River test
site, is classified by USCS as silty sand and was collected near
Bovina, Mississippi, USA (32.2738N, 90.7198W). The BBTS
contains quartz, sodium feldspar, potassium feldspar, and illite
clay. A 2-kg subset of each sample was sieved into seven
fractions between 10 and 200mesh to characterize the soils
following established protocols [22].

The three soils were proximally detonated in a 20-cm wide
by 40-cm deep by 50-cm long steel can. A 3-m length of
military detonation cord, cotton, and asphalt tubing filled with
pentaerythritol tetranitrate, with a uli knot tied in one end, was
placed into a paper cup containing 120 g of flakes of Compo-
sition B (Fig. 1A). The Composition B flakes were 0.5-cm thick
and most flakes were less than 3 cm in length or width. The cup
of Composition B was placed on the bottom of the can and
roughly 6 kg of dry soil was placed in the can to cover the
Composition B and detonation cord to a height of 15 cm. The
can was isolated inside a 2-m2 container constructed of 8-cm
thick steel that was open at the top. The detonation cord was
initiated remotely with aM21 shock tube initiator (lead, barium,
antimony, and aluminum compounds with pentaerythritol tet-
ranitrate and minor HMX) from a safe location 500m away.

Figures 1B and C show samples before and after detonation.
Following detonation, two types of samples were collected from
each steel can and placed into precleaned high-density poly-
ethylene bags. First, a precleaned polytetrafluoroethylene
(PTFE, Teflon1) scoop was used to collect the upper 0.5 cm
of soil from the can. This material was generally lightly soot-
covered and contained aggregated chunks of soil material
loosely bound together. These samples represent surface sam-
ples. After the entire surface 0.5 cm of sample was removed, the
remaining material was collected to represent a bulk sample.
Each detonation was recorded by video and no dudding (partial
detonations) occurred. No Composition B particles were
detected in any of the samples through visual or microscopic
(�10 magnification) inspection.

Surface area measurements

We used the Brunauer-Emmett-Teller (BET) N2 gas
adsorption method to quantify the gas-exchangeable specific
surface area of the pristine and bulk-detonated soil samples
[23]. Measurements were made in triplicate from the surface
and bulk material collected from each detonated sample.
Multipoint surface area analyses were conducted from
duplicate sample splits of approximately 2 g of each soil sample.
Minerals were held under vacuum overnight at 1058C before
surface area analysis with nitrogen gas (N2) in a liquid nitrogen
atmosphere (-194.88C). Results from six relative pressure
points were reduced to surface area values applying BET
theory [23].

Fig. 1. (A) FlakesofCompositionB in apaper cup, (B) aBigBlackRiver test
site (BBTS, USA) sample loaded into the detonation can, and (C) the BBTS
sample following detonation.
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Quantifying explosive residue loading after detonation

Immediately following detonation, we quantified the aceto-
nitrile-extractable explosive compound concentrations in trip-
licate samples of the surface and bulk soil materials (Table 1). A
20-ml aliquot of high-performance liquid chromatography
(HPLC) grade acetonitrile was added to 6 g of each soil sample
to extract energetic residues [24,25]. The soil and acetonitrile
mixture was placed on a platform shaker for 24 h at 200 rpm,
followed by centrifugation, with an 8-cm radius, at 3,000 rpm
for 10min. Following centrifugation, an aliquot of each ace-
tonitrile extract was pipetted into a 7-ml amber glass vial with a
PTFE lid. Samples were stored at -208C until their explosive
analyte concentrations were measured. Prior to analysis, each
extract was tested using an Expray kit (Plexus Scientific)
to estimate the dilution needed to be within the calibration
range of the analytical method [25,26]. Then 1.0ml of each
diluted extract was mixed with 3.0ml of 18MV water,
and nitroaromatic and nitramine compounds were measured
following the analytical procedures outlined below for aqueous
samples.

Batch experiments

Two sets of batch experiments were conducted, one to track
the dissolution of pure Composition B over time, and the other
to investigate the fate of explosive residues in detonated soils.
The Composition B dissolution batch was constructed by
crushing pure Composition B particles into a fine powder
(<425mm) and placing 0.02 g of the powder in 400ml of
18MV water. The batches were stored in amber glass bottles,
capped, placed on a platform shaker, and shaken continuously at
200 rpm in the dark for 124 d. A 1-ml aqueous sample was
collected from the batch at 1 h, and after 1, 5, 9, 19, 71, and
124 d.

The detonated soil batch experiments were constructed with
between 3 and 23 g of each detonated soil sample. Samples were
prepared in duplicate, in amber glass bottles, and mixed with
approximately 480ml of 18MV water (Table 1). The mass of
detonated soil used in each batch experiment was determined
such that the maximum aqueous concentrations of RDX and
TNT (based on the acetonitrile-extractable concentrations)
would be below the solubility limit in water at 208C:
46.6mg/L for RDX [27] and 150mg/L for TNT [28]. The
amber glass bottles were capped, placed on a platform
shaker, and shaken continuously at 200 rpm in the dark for
141 d. An ambient air temperature of 208C was maintained
throughout the experiment. A 1-ml sample of slurry solution
was collected from each batch at the following elapsed
times: 30min, and 3, 9, 17, 34, 52, 74, 115, and 141 d. The
1-ml sample aliquots were pipetted into a 7-ml amber glass vial
with a PTFE (Teflon) lid. Two milliliters of 18MV water and
1ml of HPLC-grade acetonitrile were added to each vial.
Samples were stored at -208C until they were analyzed for
explosive compounds.

Concentrations of RDX, HMX, TNT, 1,3,5-trinitrobenzene
(1,3,5-TNB), 2ADNT, and 4ADNT were determined following
extraction method SW846 and analytical method 8330B [29].
Samples were filtered through a Millex-FH PTFE (Teflon)
0.45mm filter prior to analysis. Explosive compound concen-
trations were determined on a Finnigan SpectraSYSTEM
Model P4000 liquid chromatograph (Thermo Electron) ultra-
violet/visible absorbance detector set at 254 nm (cell path 1 cm).
Samples were introduced with a 100-ml sample loop. Separa-
tions were achieved on a 15 cm� 3.9mm (4mm) NovaPak C8
column at 288C and eluted with 1.4ml/min of 15:85 isopropa-
nol/water (v/v). Based on numerous analyses of 100ml of a
laboratory spike solution, the percent relative standard devia-
tion of the explosive compound measurements was less than 2%
for the analytes measured.

Table 1. The acetonitrile-extractable explosive compound concentrations measured from the detonated soil samples and the soil masses, water volumes, and
maximum aqueous explosive compound concentration for the batchesa

Detonated soils Batches

Sample
RDX
(mg/g)

RDX
mean
(mg/g)

HMX
(mg/g)

HMX
mean
(mg/g)

TNT
(mg/g)

TNT
mean
(mg/g)

Sample
mass
(g)

Water
volume (ml)

Expected
concentrations

(mg/L)

RDX HMX TNT

Church surface 2,077 2,256 277 302 1,542 1,690 9.0 479.1 42.2 5.7 31.6
2,606 357 1,974 9.0 485.6 42.0 5.6 31.4
2,085 273 1,554

Church bulk 1,020 905 139 121 723 612 22.1 472.1 42.4 5.7 28.7
846 114 577 22.7 470.2 43.6 5.8 29.5
849 111 537

Delta surface 870 873 104 108 503 538 23.2 484.9 41.8 5.2 25.8
678 87 427 23.1 474.0 42.5 5.3 26.2
1,071 134 685

Delta bulk 3,073 3,577 394 446 2,031 2,344 5.6 467.2 42.8 5.3 28.1
4,090 497 2,683 5.9 466.2 45.2 5.6 29.6
3,569 446 2,319

BBTS surface 1,968 1,943 267 266 1,349 1,339 10.5 480.4 42.3 5.8 29.1
2,037 278 1,422 10.6 472.1 43.5 5.9 30.0
1,825 252 1,245

BBTS bulk 7,047 6,149 981 856 5,122 4,482 3.4 475.6 44.0 6.1 32.0
5,667 773 4,054 3.3 472.5 43.3 6.0 31.6
5,732 813 4,270

a RDX¼ hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX¼ octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine; TNT¼ 2,4,6-trinitrotoluene; BBTS¼Big Black
River test site.
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RESULTS AND DISCUSSION

Soil characteristics following detonation

The detonated soil particles were darker gray to black in
comparison to the pristine soils (Fig. 1). An irregular dark sooty
sheen covered some of the soil particles, and the detonated soils
contained pockets of lightly cemented, clumped aggregates that
were less than 1 cm in diameter. Gas-adsorption surface area
measurements using BET theory (Fig. 2) indicate that the
detonated soil material (both the surface and bulk samples)
yields lower gas-adsorption surface areas than pristine, undeto-
nated material. For the Church and BBTS soils, the surface
samples yield gas-adsorption surface areas statistically signifi-
cantly lower than their pristine soil counterparts (analysis of
variance with a¼ 0.05). For all three soils, the gas-adsorption
surface areas measured from the bulk-detonated samples are
statistically significantly lower than for the pristine soils (anal-
ysis of variance with a¼ 0.05).

The lower gas-exchangeable surface areas measured from
the detonated samples are likely attributable to the presence of
an explosive residue coating on the detonated soils, shock-
induced compaction [30], sintering, and/or partial fusion of soil
particles under the intense heat associated with detonation
reactions [31,32]. The detonation pressure (34GPa) and tem-
perature (2,4008C) for Composition B [33] are sufficient to
provide significant shock forces and heating that would be
expected to shatter, as well as melt and re-coalesce, soil
particles. The Composition B material (and thus the main
detonation force) was located at the bottom of our detonation
cans, where the bulk samples were collected. As a consequence
the explosive residues, shock pressures and temperatures would
be expected to be greater for the bulk soil material than for the
surface samples.

Dissolution of Composition B

Four batches of approximately 0.02 g of crushed Composi-
tion B particles (<425mm) were placed in 400ml of 18MV
water to quantify the dissolution of TNT, RDX, and HMX from
the unaltered explosive materials over 141 d (Fig. 3). Other
studies have provided similar Composition B dissolution infor-

mation [9,13,14,18]. However, because the RDX:TNT:HMX
ratios in Composition B vary, we wanted to determine the
formulation of Composition B that was used to detonate our
samples. The results suggest that TNT dissolution reaches a
steady state apparent equilibrium concentration in water within
10 d, while RDX and HMX require 20 d to reach apparent
equilibrium. This is only a few days faster than the results
reported from a similar Composition B dissolution study [18].
The TNT transformation products 2ADNT, 4ADNT, and 1,3,5-
TNB were not detected in any of the aqueous samples collected
during the Composition B dissolution measurements. It has
been recently reported that TNT, RDX, and HMX will remain
stable for many months in 18MV water [15].

Desorption of explosive compounds in detonated soils

The acetonitrile-extractable explosive compound concentra-
tions measured following detonation are included in Table 1 and
are presumed to be a measure of the total loading of the
compounds to the dry soil samples. A wide range in RDX,
HMX, and TNT concentrations is evident in the triplicate
analyses of the detonated soils. This reflects the heterogeneous
nature of explosive compound loading during detonation
events. The mass of detonated soil mixed with water to generate
the batch reactor samples was chosen to ensure that the max-
imum possible aqueous RDX, HMX, and TNT concentrations
were below solubility (i.e., assuming complete partitioning to
the aqueous phase).

Five potential sources of explosive analytes exist within the
batch reactors: explosive residues from detonation (sorbed and
in the aqueous solution), undetonated Composition B crystals,
undetonated explosive compounds in solution, undetonated
explosive compounds adsorbed to soil particle surfaces, and
transformation products of explosive compounds [15,34].
Hence, the accumulation of explosive compounds in solution
during the course of the batch experiments is associated with
a number of potentially competing processes including:
dissolution of explosive compounds from any undetonated

Fig. 3. Concentrations of 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and octahydro 1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) measured in the Composition B batch samples over
time. The batches were constructed in quadruplicate and analyzed as
individual samples. Each symbol represents the mean, and the vertical bars
represent one standard deviation above and below the mean, for each of the
four samples collected at a given time.

Fig. 2. Gas adsorption-specific surface area measurements of our samples
measured using Brunauer, Emmitt, and Teller (BET) theory. All samples
were analyzed in triplicate.Each symbol represents themean, and the vertical
bars represent one standard deviation above and below the mean, for each
sample. BBTS¼Big Black River test site.
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Composition B in the soil samples, sorption–desorption
reactions for explosive residues, and, in the case of TNT,
transformation of the primary compound to secondary trans-
formation products and their subsequent sorption–desorption.

Aqueous concentrations of the explosive compounds in the
batch reactor solutions over the course of the 141-d experiments
are given in Figures 4–6. Duplicate batches were constructed
and sampled for each soil type and are labeled A and B. For each
sample type, samples were collected in triplicate on some days,
and their mean� one standard deviation is given. For most of
these triplicate analyses, the range of standard deviation values
are small enough to be contained within the symbols.

The explosive compound concentrations measured in the
duplicate sets of analyses for each sample type show good
reproducibility with the exception of the Church bulk sample
pairs.While clear differences exist between the bulk and surface
samples of each sample split, the shapes of their desorption
curves are generally similar. This suggests that the dominant
processes controlling desorption of explosive compounds are
consistent between each of the batch reactors. The ratios of
TNT, RDX, and HMX to one another are not consistent across
the three soil types or with the values measured during the
Composition B dissolution batches (53.5% RDX, 39.5% TNT,
7% HMX). This may be explained by the heterogeneous nature
of the detonation events whereby inconsistent fractions of the
three primary explosive compounds underwent full detonation.

Delta surface samples exhibited roughly twice the expected
TNT concentration in the batch solutions, and yield the highest
TNT concentrations of any samples. This may be attributable to
an unexpectedly elevated TNT load present in the soils used for
the Delta surface batches, given that the TNT:RDX and
TNT:HMX ratios in the Delta surface samples are roughly

twice what would be expected based on the Composition B
dissolution and based on the TNT:RDX:HMX values in all the
other batch samples. However, the Delta bulk samples yield the
lowest explosive analyte concentrations of any of the soils.

We performed a best fit analysis of the desorption curves for
RDX, HMX, and TNT in the batch samples for all three soil
types. The logarithmic fit equation

C ¼ k1 LnðtÞ þ k2

where C is the analyte concentration in mg/L, k is a correction
factor, and t is the time in decimal days, yielded the best
coefficient of determination values among linear (second-, third-,
or fourth-order), power, or exponential curve fittings. Results
from the curve fit analysis for the 12 batches are included as
Table 2. The r2 values are above 0.9 forRDXandHMXfor all but
one sample. Plots of logarithmic concentration versus linear time
weregenerally linear for the initial twoor three samples collected
from the batches (i.e., for the first 9 d) and then trended toward a
steady state apparent equilibrium value from roughly 20 d to 141
d. This implies that, initially, explosive residues are represented
by a first-order physical desorption process. The dissolution of
pure Composition B is first-order for the initial 10 d (Fig. 3).
Though we did not find any pristine Composition B particles in
our detonated samples, it is possible that small undetonated or
partially detonated particles of Composition B were present in
our sample batches. The first-order state of explosive compound
desorption and dissolution is potentially limited by the available
surface area and/or exposure of soluble residues or undetonated
compounds, as well as surface area-controlled kinetics of
sorption–desorption.

Nitramines RDX and HMX are generally considered
conservative under common biogeochemical conditions

Fig. 4. Concentrations of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 2,4,6-trinitrotoluene (TNT),
1,3,5-trinitrobenzene (1,3,5-TNB), 2-amino-4,6-dinitrotoluene (2ADNT), and 4-amino-2,6-dinitrotoluene (4ADNT) measured in the Delta batch samples over
time. For selected instances in which triplicate sampleswere collected on a given day, the symbol represents themean, and the vertical bars represent one standard
deviationaboveandbelow themean, for each sample.Thestandarddeviationvaluesarewithin thevertical extentof the symbols formostof these triplicate samples.
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Fig. 5. Concentrations of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 2,4,6-trinitrotoluene (TNT),
1,3,5-trinitrobenzene (1,3,5-TNB), 2-amino-4,6-dinitrotoluene (2ADNT), and 4-amino-2,6-dinitrotoluene (4ADNT) measured in the Church batch samples
over time. For selected instances in which triplicate samples were collected on a given day, the symbol represents the mean, and the vertical bars represent one
standarddeviationaboveandbelow themean, for each sample.The standarddeviationvaluesarewithin thevertical extent of the symbols formost of these triplicate
samples.

Fig. 6. Concentrations of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 2,4,6-trinitrotoluene (TNT),
1,3,5-trinitrobenzene (1,3,5-TNB), 2-amino-4,6-dinitrotoluene (2ADNT), and 4-amino-2,6-dinitrotoluene (4ADNT) measured in the Big Black River test site
(BBTS) batch samples over time. For selected instances inwhich triplicate sampleswere collected on a given day, the symbol represents themean, and the vertical
bars represent one standard deviation above and below the mean, for each sample. The standard deviation values are within the vertical extent of the symbols for
most of these triplicate samples.
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[10,15,34–37]. At considerably lower initial concentrations
(i.e., 2–3 ppm) than the samples in the present study, RDX
was lost from solution in batches created by spiking explosive
compounds into the same three soils investigated here [16]. In
the present study, RDX (and HMX) appear to be stable in
solution in all three batches.

For TNT, the logarithmic fit of desorption over time was also
the optimum fit, but the r2 values for curve fitting for the TNT
measurements varied widely. The greater variance is likely due
to desorption of TNT residues from soil surfaces, dissolution of
any available undetonated Composition B, and the transforma-
tion of TNT to 2ADNT, 4ADNT, and 1,3,5-TNB. Pure Com-
position B dissolution reaches an equilibrium after 20 d (Fig. 3).
However, in deionized water, with an absence of biogeochem-
ical surfaces, TNT does not undergo transformation [[16]; the
present study]. The 2ADNT, 4ADNT, and 1,3,5-TNB were not
detected in the Composition B used to detonate our soils. As a
consequence, their presence in our aqueous soil solutions can be
attributed solely to TNT transformation. However, the 2ADNT,
4ADNT, and 1,3,5-TNB concentrations are quite low compared
to the TNT values, so the transformation of TNT to these
products would not be expected to greatly affect the equilibrium
of TNT in the batch solutions.

The three TNT transformation products generally increase
with time from values below detection to values in the 0.1 to
1mg/L range. In all of the samples, 1,3,5-TNB appears within
the first day of initiation of the batches; 2ADNT and 4ADNT

were detected instantly in the BBTS samples, but not for the first
7 d (Delta surface), 20 d (BBTS samples), or 40 to 60 d (Delta
bulk, all Church samples). The presence of 2ADNT and
4ADNT in the aqueous solutions is likely limited by both their
production through the electron-reduction transformation of
TNT [7,38] and by their subsequent transformation (i.e., loss
from solution) to phenolic derivatives [39,40] that we did not
measure. However, in all samples, the 2ADNT and 4ADNT
concentrations are stable or increasing after 141 d. This is most
dramatic in the BBTS samples that have the highest 2ADNT
and 4ADNT concentrations.

The logarithmic fit equations were used for each sample to
compare its apparent equilibrium RDX, HMX, and TNT con-
centrations to the maximum expected concentrations calculated
when the batch reactors were constructed. The results, presented
in Table 3, suggest that the apparent equilibrium desorption
concentrations of RDX in aqueous solutions are somewhat
predictable for most batches (calculated and steady state values
are generally within 30%). This supports previous work sug-
gesting that RDX is conservative in soil solutions [10,15,34–
37]. It also implies the desorption of RDX in water, over long
timeframes (141 d), is nearly complete (i.e., concentrations are
comparable to those from the acetonitrile extractions).

The modeled and predicted values for HMX are within 20%
for the Church batches, but the modeled values are up to three
times lower than the predicted values for the Delta and BBTS
soil samples (Table 3). The Delta bulk samples yielded far

Table 3. Calculated and apparent equilibrium RDX, HMX, and TNT concentrations in the batch samplesa

Sample
Calculated

maximum RDX
Apparent

equilibrium RDX
Calculated

maximum HMX
Apparent

equilibrium HMX
Calculated

maximum TNT
Apparent

equilibrium TNT
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Church surface A 42.2 37.5 5.6 4.7 31.6 26.4
Church surface B 42.0 49.9 5.6 5.3 31.4 38.9
Church bulk A 42.4 54.6 5.7 5.2 28.7 76.5
Church bulk B 43.6 50.2 5.9 4.9 29.5 37.2
Delta surface A 41.8 56.8 5.2 5.4 25.8 78.5
Delta surface B 42.5 54.9 5.3 5.3 26.2 88.0
Delta bulk A 42.8 11.7 5.3 1.5 28.1 5.1
Delta bulk B 45.2 10.1 5.6 1.3 29.6 4.0
BBTS surface A 42.3 31.1 5.8 3.7 29.1 14.3
BBTS surface B 43.5 37.2 5.9 3.9 30.0 18.4
BBTS bulk A 44.0 42.3b 6.1 4.5b 32.0 33.6b

BBTS bulk B 43.3 38.5b 6.0 4.3b 31.6 22.3b

a RDX¼ hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX¼ octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine; TNT¼ 2,4,6-trinitrotoluene; BBTS¼Big Black
River test site.

b Apparent equilibrium not reached after 141 d.

Table 2. Results from the logarithmic curve-fitting analysis of the batch aqueous sample concentrationsa

Sample RDX equation r2 HMX equation r2 TNT equation r2

Church surface A C¼ 3.1 Ln(t)þ 21.1 0.94 C¼ 0.4 Ln(t)þ 2.5 0.95 C¼ 1.6 Ln(t)þ 17.9 0.86
Church surface B C¼ 4.9 Ln(t)þ 25.5 0.97 C¼ 0.5 Ln(t)þ 2.7 0.93 C¼ 3.3 Ln(t)þ 22.6 0.96
Church bulk A C¼ 4.2 Ln(t)þ 31.1 0.86 C¼ 0.4 Ln(t)þ 3.0 0.84 C¼ 6.0 Ln(t)þ 36.7 0.83
Church bulk B C¼ 4.2 Ln(t)þ 28.4 0.92 C¼ 0.4 Ln(t)þ 2.8 0.90 C¼ 2.4 Ln(t)þ 24.4 0.87
Delta surface A C¼ 3.8 Ln(t)þ 37.3 0.93 C¼ 0.4 Ln(t)þ 3.4 0.96 C¼ 5.4 Ln(t)þ 53.1 0.99
Delta surface B C¼ 4.2 Ln(t)þ 36.8 0.86 C¼ 0.4 Ln(t)þ 3.4 0.90 C¼ 7.2 Ln(t)þ 56.8 0.92
Delta bulk A C¼ 0.9 Ln(t)þ 7.1 0.96 C¼ 0.1 Ln(t)þ 0.8 0.95 C¼ 0.2 Ln(t)þ 4.3 0.35
Delta bulk B C¼ 0.8 Ln(t)þ 6.0 0.93 C¼ 0.1 Ln(t)þ 0.7 0.94 C¼ 0.1 Ln(t)þ 3.5 0.21
BBTS surface A C¼ 2.7 Ln(t)þ 16.8 0.92 C¼ 0.4 Ln(t)þ 1.8 0.86 C¼ 0.5 Ln(t)þ 11.5 0.35
BBTS surface B C¼ 3.4 Ln(t)þ 19.8 0.94 C¼ 0.4 Ln(t)þ 2.0 0.89 C¼ 0.9 Ln(t)þ 13.7 0.45
BBTS bulk A C¼ 4.0 Ln(t)þ 21.5 0.95 C¼ 0.4 Ln(t)þ 2.3 0.95 C¼ 2.8 Ln(t)þ 18.9 0.93
BBTS bulk B C¼ 3.5 Ln(t)þ 19.0 0.99 C¼ 0.4 Ln(t)þ 2.1 0.97 C¼ 1.7 Ln(t)þ 14.0 0.87

a RDX¼ hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX¼ octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine; TNT¼ 2,4,6-trinitrotoluene; C¼ concentration in
mg/L; t¼ time in decimal days; BBTS¼Big Black River test site.
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lower explosive compound concentrations than was expected.
The reasons for this are not clear. For the bulk samples, it is
either that the acetonitrile extractable explosive compound
concentrations measured following detonation represented soil
samples with an anomalously elevated concentration, or that the
soils in the batch reactor contained an anomalously low explo-
sive compound concentration, or some combination of both.

As stated earlier, the TNT values varied within and across
the batches, and this is reflected in the modeled and predicted
values for TNT equilibrium. For all but the Church bulk
samples, the two apparent equilibrium TNT values for each
sample pair are within 40% of one another. The Church surface
samples present the only sample type for which the modeled and
predicted values for TNT equilibrium are similar. The rest of the
sample sets yield values with as much as a fivefold difference
between the modeled and predicted TNT values.

Desorption and dissolution of explosive residues, and dis-
solution of undetonated explosive compounds from the soil
samples into the 18MV water begins to reach apparent equi-
librium within roughly 40 d for all of the sample types (Figs. 4–
6). In addition, the desorption rates of the bulk explosive
compounds are consistent among the sample pairs (Delta sur-
face A and B, etc.). This is longer than it takes to reach the
dissolution equilibrium for Composition B (roughly 20 d for
RDX, HMX, and TNT), and suggests that either the detonation
process and/or the presence of soil material affects the fate of
explosive compounds in the soil slurries.

Results from a laboratory-based adsorption investigation,
using the same three soils spiked with explosive compounds in
solution [16], suggest that both the loss of explosive compounds
from solution and the creation of TNT transformation products
in batch slurries were greatest in the BBTS soil, followed by the
Church and Delta soils. In the present study, the BBTS samples
consistently yield the lowest solution explosive analyte con-
centrations and the highest TNT transformation product con-
centrations. This suggests that adsorption and/or transformation
is greatest in the BBTS soil. However, no consistent relationship
between explosive compound and TNT transformation product
concentrations is evident in the Church or Delta samples.

CONCLUSIONS

The range in explosive compound concentrations we meas-
ured in surface versus bulk samples suggests that, even under
controlled conditions, detonation events heterogeneously load
soils with explosive compounds. Bulk samples were collected
from the region closest to the location of the detonated Com-
position B. However, bulk soil samples are not consistently
associated with higher explosive analyte concentrations than
surface soils. As a consequence, it is difficult to draw con-
clusions from our results on how proximity to a detonation
event controls the loading of explosive compounds in the
training range soil environment.

For both the laboratory-spiked [16] and field-detonated
situations, the BBTS soils are associated with higher TNT
transformation product concentrations. The BBTS soil contains
a greater clay and organic matter content that likely promotes
TNT transformation [16]. In addition, the time to apparent
equilibrium for detonated soils (roughly 40 d) is far longer
than in soils spiked with explosive compounds in a laboratory (2
to 20 d for TNT; 2 d for RDX; compare Figs. 4–6 with Fig. 3
from Douglas et al. [16]). This is probably the most important
result from the present study: Laboratory measurements may
overestimate the rates at which explosive compounds reach

sorption–desorption equilibrium. Taken in total, our results
support previous research showing desorption and dissolution
of explosive residues, and dissolution of undetonated explosive
compounds in soils, is largely dependent on soil biogeochem-
ical conditions. At an impact site, the heterogeneous nature of
detonation events likely plays a large role in the deposition, and
thus the overall fate, of explosive compounds on training
ranges.
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